Rapidly changing climates and habitats represent challenges faced by the majority of animal species on our planet, and are leading to rapid declines in global biodiversity. However, the degree to which behaviour is influenced by changing environmental cues is not well understood. Specifically, environmental cues that have been correlated with predator abundance or performance over evolutionary history may have significant effects on prey behaviour. In the present study, we investigated the role of water clarity on foraging activity in lake sturgeon (Acipenser fulvescens) in the absence of predators. Foraging activity was significantly higher during the night than the day and was higher in turbid environments versus clear environments, indicating that decreased turbidity alone, may in part drive anti-predator behaviour and constrain foraging activity. Future work exploring the interconnectedness of environmental cues and behavioural changes will help us better understand the many ways rapidly changing environments can influence behavioural ecological processes.
Introduction
Human-induced rapid environmental change is putting animals in evolutionarily novel situations to which they may or may not be adapted. A recent meta-analysis of more than 3000 rates of phenotypic change suggests that most of the responses of animals to rapid environmental change involve phenotypic plasticity rather than immediate genetic evolution (Hendry et al., 2008) . In face of such challenges, animals often display alterations in behaviour, as it is one of the fastest phenotypic changes, and because behaviour can usually be much more plastic than other phenotypic traits.
Behavioural plasticity refers to an animal's ability to vary its behaviour according to different conditions (West-Eberhard, 1989 ) and may be the quickest way animals adjust to a changing environment. For example, lizards subjected to high temperatures will alter their basking behaviour to regulate their physiological performance (Huey et al., 2003) . Similarly, changes to predator abundance or performance can have a tremendous impact on behavioural decisions regarding foraging intensity or reproductive investment (Sih, 1987; Lima, 1998; Stankowich & Blumstein, 2005) . Behavioural plasticity can therefore be invaluable for populations subjected to rapidly changing climates and habitats. Alternatively, in a rapidly altered environment, a formerly adaptive behaviour may become non-adaptive and have fitness consequences. Environmental cues that have been correlated with predator abundance or performance over evolutionary history may have significant effects on present-day prey behaviour even in the absence of predators. However, how changing environmental conditions influence behaviourally plastic traits is not well understood (Ghalambor et al., 2010) .
Organisms inhabiting aquatic ecosystems are ideal for testing the fitness consequences of behaviour in response to environmental changes. Aquatic ecosystems have been subjected to a wide range of environmental changes including changes to temperature, decreased pH, contamination and habitat fragmentation (Schindler, 1988; Winder & Schindler, 2004; Orr et al., 2005) . Moreover, there is increasing concern that anthropogenic activities are leading to changes in turbidity (Chivers et al., 2013) . Turbidity (water haziness or cloudiness), results in benthic smothering, changes rates of photosynthesis, and can often result in substantial changes to community structure (Liljendahl-Nurminen et al., 2008) . River turbidity levels are rapidly changing worldwide (Kundzewicz et al., 2009) and in some areas river turbidity fluctuates with water-flow regimes, where turbidity levels are linked to flow rates (Dewson et al., 2007) . Decreases in turbidity can be attributed to both biotic agents, such as changes in faunal community structure (Skubinna et al., 1995) , or anthropogenic factors, such as dam construction along large rivers (Johnson et al., 1995) . Predator-prey interactions, in particular, are influenced by turbidity levels (Bonner & Wilde, 2002; Chivers et al., 2013) .
Turbidity has been shown to decrease foraging success for predatory banded kokopu (Galaxias fasciatus), common galaxias (G. maculatus) and sablefish (Anoplopoma fimbria) (Rowe & Dean, 1998; De Robertis et al., 2003) , and impede learned predator recognition in fathead minnows (Pimephales promelas) (Ferrari et al., 2010; Chivers et al., 2013) . However, turbidity has also been found to reduce predation risk for northern pike (Esox lucius) (Lehtiniemi et al., 2005) , white sturgeon (Acipenser fulvescens) (Gadomski & Parsley, 2005) and damselflies (Ischnura elegans) (Van de Meutter et al., 2005) , allow fathead minnows to use feeding grounds occupied by a predator (Abrahams & Kattenfeld, 1997; Chiu & Abrahams, 2010) , and allow lake sturgeon (Acipenser fulvescens) to curtail costly escape behaviours (Wishingrad et al., 2014a) . Furthermore, Ferrari et al. (2014) found that delta smelt (Hypomesus transpacificus) that evolved in turbid-water environments are decimated by predators in clear-water environments as they rely exclusively on turbidity to avoid predators. Turbidity can therefore either have a positive or negative impact on a species, depending on their particular life-history, their level of exposure to visually-guided predators, and the environmental conditions in which they evolved.
In the present study, we examined the effect of turbidity on foraging activity in lake sturgeon in the absence of predators to investigate the degree to which environmental cues alone can affect foraging activity. Nocturnal foraging may reflect an adaptive balance between foraging activity and antipredator behaviours (Helfman, 1993) . However, due to the severe cost of failing to avoid a predator, this balance may be shifted away from active foraging activity and toward anti-predator inactivity. Thus, given the opportunity, nocturnal animals may forage actively during the day under the cover of turbidity. We predict that foraging activity will be lowest during the day, and highest during the night, owing to the increased risk of visual predation during the day. Second, we predict that due to the anti-predator benefit of turbidity, foraging activity levels will be higher in turbid environments than in clear-water environments. Third, we predict that as a result of growth and development, the difference between clear-and turbid-water foraging activity will be higher in young fish than in older fish.
Sturgeon are particularly good candidates to investigate the role of turbidity on anti-predator behaviour because sturgeon are a non-visual feeding fish (Loew & Sillman, 1993; Boglione et al., 1997; Rodríguez & Gisbert, 2002) . Sturgeon forage primarily by using four sensory barbels on the ventral side of their body immediately anterior to the mouth (Peterson et al., 2007) . These barbels allow sturgeon to decode the chemical composition of potential prey items, allowing them to forage without the use of sight. Furthermore, sturgeon electrosense has recently been described, whereby sturgeon can detect the electrical signals of potential prey items, allowing sturgeon to recover prey hidden beneath sandy substrates and forage effectively in turbid rivers and lakes (Zhang et al., 2012) . Thus, while turbidity may impair the ability of visual predators to detect them, it does not detrimentally influence sturgeon foraging ability. In the wild, most fish spend part of their day in an active foraging state, and the other half in an inactive state that is intimately linked with predator avoidance (Helfman, 1993) . This is especially true of young sturgeon, that forage actively during the night and reduce activity during the day to avoid visual predators (Richmond & Kynard, 1995) . Furthermore, Lake Sturgeon metabolic rate has been linked to decreases in light levels (Svendsen et al., 2014) . Turbidity may therefore provide cover from visuallyguided predators, allowing sturgeon to increase foraging activity in darker turbid environments relative to brighter clear-water environments. Therefore, even in the absence of predators, water clarity levels may exert a strong effect on the trade-off between foraging and anti-predator behaviour.
Materials and methods

Study species
We obtained lake sturgeon from Sustainable Sturgeon Culture, Ontario, in May 2012 where they were spawned from wild broodstock endemic to the Rainy River, ON, Canada. They were housed at the RJF Smith Centre for Aquatic Ecology, held in a 640-l flow-through tank, and fed every 6 h with live brine shrimp (Artemia spp.) and crushed frozen bloodworm (Chironomidae spp.). They were maintained in dechlorinated tap water between 16-18°C under a 14:10 h artificial light/dark cycle. However, the RJF Smith Centre for Aquatic Ecology is designed in such a way that sunlight illuminates the facility. Thus, a 17:7 natural light/dark cycle (resembling local light-patterns) predominated during the course of the study.
Experimental set-up
Trials took place in 100-l polyurethane D-ended simulated river mesocosms measuring 1 m long × 50 cm wide × 30 cm high (Figure 1 ). Each mesocosm was divided in half longitudinally with an opaque acrylic panel measuring 60 cm long to allow for the circular flow of water with a submersible 15 l/min powerhead which provided a flow of 2-3 cm/s. A rectangular section of the long-edge of the mesocosm measuring 55 cm long × 20 cm wide was segregated using vinyl-coated fiberglass mesh mounted on PVC frames. Inside the mesocosm four boxes were placed, each measuring 20 cm long × 13.5 × cm wide × 1.5 cm deep which held substrates used to simulate river microhabitats. A rocky microhabitat was created by layering cobble (grain size: 10-20 mm) under rocks (grain size 30-70 mm) stacked to a peak 5 cm high. A sandy microhabitat was created by filling a substrate box with sand (grain size 0.25-1.2 mm) 1.5 cm deep. Sturgeon were able to move freely between the rocky and sandy microhabitats. Two boxes of each microhabitat type were randomly arranged in the mesocosm before fish were introduced. The rectangular section of the mesocosm containing four microhabitat boxes, two of each type, between the mesh barriers, comprised the experimental area. Each mesocosm was filled with 25 l of water to a height of 5.5 cm over the substrate boxes to control for use of the water column by the fish. Water was either left clear or turbidity was adjusted by adding 2.25 g of bentonite (an inert colloidal clay, Sigma-Aldrich; CAS number 1302-78-9) immediately before the fish were added producing a concentration of 0.09 g/l, approx. 22.5 NTU (Nephelometric Turbidity Units), equivalent to approx. 17 cm Secchi depth (Shoup & Wahl, 2009 ). Turbidity measurements were taken using a LaMotte 2020e portable turbidity meter (LaMotte, Chestertown, MD, USA); Secchi depth measurements were taken using a 120 cm turbidity tube for intermediate turbidity levels (Wildlife Supply, Yulee, FL, USA). Each mesocosm was reconditioned with 1.12 g of bentonite every 6 h to account for loss of suspended clay with time, yielding an NTU range of 18.2-27.8 and a Secchi depth range of 20-15 cm, respectively, during the experiment. In clear-water mesocosms, NTU was equal to 0.1. Thus, the clear-and turbidwater mesocosms provided very different physical environments for the fish during the course of the study.
Experimental protocol
We investigated how turbidity (clear vs. turbid environments), time-of-day (day vs. night) and age-class (young vs. old) influenced diurnal foraging activity patterns. Young fish were between 42 and 54 days post-hatch (dph) (between 28 and 40 days after the onset of exogenous feeding); old fish were between 57 and 69 dph (between 43 and 55 days after the onset of exogenous feeding). These two age-classes were selected in order to evaluate if any effects due to turbidity or time-of-day were weaker in older fish, since previous studies found that young Lake Sturgeon were more nocturnally active (Peake, 1999) , and much more reactive to alarm cues (Wishingrad et al., 2014b) relative to older conspecifics. Four combinations resulted (young/clear-water, young/turbid-water, old/clear-water, and old/turbid-water), and 20 replicates were run per treatment combination. Prior to the onset of trials three fish were arbitrarily selected from the holding tank placed in the experimental area of each mesocosm and left to acclimate for 24 h. During the night, incident light at an approximate intensity of 0.25 lux (equivalent to the light of a full moon on a clear night) provided some illumination. Trials were conducted during June and July 2012 by using overhead cameras mounted with infrared lights to record both diurnal and nocturnal sturgeon behaviour over a 24 h period. All fish were fed every 6 h during the acclimation and observation periods to control for food-driven changes in activity. At the completion of trials, fish were placed in a separate holding tank and not used for subsequent trials to maintain statistical independence among trials.
Video analysis
Foraging activity was scored as the number of times a randomly-selected focal fish passed over a superimposed 2 × 4 grid (grid size: 10 × 13.5 cm) during a 3-min interval each hour for 24 h. The side of each square was equivalent to approx. 3-5 body lengths of the fish. Since sturgeon forage by actively cruising along the substrate surface, activity level is a good proxy of foraging activity, which includes feeding, moving between foraging patches, and exploring their environment to seek out resources.
Statistical analysis
We analysed our data using the R environment for statistical programming (version 2.15.2; R Development Core Team, 2012). Due to a loss of video files from two old age-class/clear-water mesocosms (48 3-min intervals) we based our analysis on the remaining 480 young/clear-water, 480 young/turbid-water, 432 old/clear-water, and 480 old/turbid-water behavioural observations, comprising a total of 1872 3-min observation intervals. Each mesocosm was considered the sampling unit. All statistical analyses were run using raw values, however, plots and reported results of activity level are presented in units per hour. Values are means ± standard error.
To quantitatively describe foraging activity through time within each environment, and to compare foraging activity through time between environments, polynomial regression models were fit to mean hourly activity values for each treatment (N = 40 replicates/hour in turbid environments; N = 38 replicates/hour in clear environments). This was accomplished by (1) identifying an initial model that described the data well (i.e., contained only significant terms), (2) deriving best-fit parameter estimates for two separate models (one for each treatment) based on the number of parameters in the initial model, and (3) systematically combining coefficients (i.e., refitting the models) to identify a more parsimonious set of model parameters. This simplified parameter set would provide a better balance between model accuracy and complexity (determined using Akaike's Information Criterion with a correction for small sample sizes (AICc), where models with lower AIC values were considered more parsimonious; Burnham & Anderson, 2002) .
We tested the effects of time-of-day, age, and treatment on foraging activity using a 3-way repeated-measures ANOVA to control for spatial and temporal autocorrelation within each mesocosm (i.e., activity levels were measured in each mesocosm-replicate at two times: during the day and during the night). Due to a high proportion of zeros in the dataset (approx. 15% as a result of the absence of foraging activity at certain times) we ran the analysis on values of average activity level during either day or night in each mesocosm to simplify the analysis. Factors used in the repeated measures ANOVA were: water clarity (clear/turbid), time-of-day (day/night) and age (young/old). Model residuals satisfied assumptions of normality and homoscedasticity, no data points had undue leverage, and no outliers were identified.
Results
A single quadratic model was initially fit to combined clear-and turbid-water mean activity data since all terms in this model were significant, whereas lower-and higher-order models both contained insignificant terms (Table 1) . Two quadratic models were subsequently fit, one for each treatment, all terms of which were significant (Table 2) . Combining coefficients b, vertex position (time of minimum activity level), and c, rate of change (speed of increase and decrease in activity level) yielded the most parsimonious set of models (Table 3) . However, coefficient a, y-intercept (maximum activity level), was not combined. The top model had a model weight of 0.52, which can be interpreted as meaning there is a 52% chance that it is the best model in the These separate models were subsequently refit to identify a more parsimonious set of model parameters (i.e., identify which parameter estimates clear and turbid treatments share). Term definitions: a = y-intercept; b = vertex position; c = rate of change.
set, given the data (Symonds & Moussalli, 2011) . Furthermore, all three top models had a combined model weight of 0.92, indicating that combining vertex position and rate of change, but not maximum activity level (y-intercept), yields a strong model fit.
These results indicate that in both clear-and turbid-water treatments foraging activity decreased to a minimum at the same time-of-day (around mid-day), and rate of increase and decrease in foraging activity was similar between the two treatments. Therefore, fish in turbid environments were Table 3 . AICc values for models sharing common terms, indicating that combining coefficients b (vertex position) and c (rate of change), but not a (y-intercept) yields the most parsimonious model set (i.e., fish from turbid treatments were consistently more active during both the day and at night). consistently more active during both the day and at night ( Figure 2 ). Foraging activity was significantly influenced by the main effects of turbidity (F 1,74 = 5.849, p = 0.018) and time of day (F 1,74 = 148.173, p < 0.001) (Figure 3 ; Table 4 ). No significant interactions were identified, but the interaction between age and time of day approached significance (F 1,74 = 3.572, p = 0.063).
Model adjustments
Discussion
Activity was significantly higher in turbid environments versus clear environments, indicating that turbidity may drive foraging activity. Activity was consistently higher in turbid environments during the night and the day, and (while not captured by the model) activity level in clear-water decreased abruptly in the presence of light and increased sharply in the absence of light, whereas activity level in turbid water changed more gradually in both cases. These results indicate that activity may be driven by available light, where foraging is immediately abandoned at the first sign of light in the early morning and immediately resumed once light levels drop in the evening. Fish behaviour has long been known to be dramatically affected by the diel cy- cle, where light levels are negatively correlated with foraging activity and positively correlated with anti-predator behaviour (Helfman, 1993) . However, turbidity reduced this effect, likely due to the increased attenuation it imposes on visible light decreasing its penetration depth and intensity. Our results demonstrate that simple changes in environmental conditions which are linked to predator performance can exert strong effects on prey fish behaviour even in the absence of predators. Fish in turbid environments prolonged foraging activity suggesting that young sturgeon may forage at maximum anti-predator effort (Lima & Bednekoff, 1999) . If this is the case, then turbidity may allow young sturgeon to forage beyond their minimal caloric requirement, accelerating somatic growth and the rate of development of morphological defences, further reducing the need for behavioural anti-predator effort. Consistent with this line of reasoning, we found that the interaction between time of day and age trended toward significance, suggesting that as sturgeon grew older the diurnal foraging pattern observed became less pronounced. It may be that increased somatic growth (large body size), defensive morphological development (larger/sharper scutes), or some combination of both may compensate for anti-predator behaviour in this species (i.e., trait compensation; Dewitt et al., 1999) leading to attenuation in diel activity patterns. Another possibility is that larger sturgeon take more foraging risks since they are able to elicit stronger escape responses if and when they encounter a predator (Wishingrad et al., 2014c) . Over a longer period of time the differences in foraging activity between day and night may become increasingly, and significantly, attenuated.
Evolution of behaviourally plastic foraging behaviour
Whether or not an animal can elicit a plastic response can give some indication as to the ecological constraints that have shaped its behaviour. Adaptive evolution of environmentally-mediated behaviourally plastic responses relies on four elements: (1) environments must exhibit variability; (2) fitness within a population must be driven by the match between a behaviour and the current environment; (3) individuals should be able to elicit an appropriate behavioural change based on a reliable cue; and (4) no single behaviour should be useful in all environments (Via & Lande, 1985; Moran, 1992) . Since behavioural plasticity tends to be favoured in variable environments where the cues are reliable, then it follows that the environmental agent evoking a plastic response should reliably influence predation, reproduction or some other component of fitness. On the other hand, where behaviourally plastic responses are lacking, we may expect the environment is invariable, or that variation in the environment does not reliably predict a fitness-critical outcome. In the present study, the evidence that turbidity alone drives foraging activity suggests that turbidity may likely have been a reliable cue of decreased predation risk during sturgeon evolutionary history. However, if predators are absent, decreased foraging in clear-environments becomes increasingly non-adaptive (i.e., may be an evolutionary trap). As ecosystems continue to change, understanding how environmental cues interact with predation risk will be important in order to help predict the effect of environmental changes on behaviours shaped and driven by predation.
Foraging, predation, and environmental change
While foraging and avoiding predation are both necessary for survival, strategies shaped by predation are often under especially strong selection owing to the high (asymmetrical) costs of losing one's life. This high cost often shifts the balance toward conservative (safe) strategies that drive the probability of failure (death) toward zero (Bouskila & Blumstein, 1992) . Failing to feed in any one particular instance may not result in death, but failing to avoid a predator can be disastrous for prey. This idea is that of the 'life-dinner principle' coined by Dawkins & Krebs (1979) , and is generally believed to manifest itself in predator-prey systems (but see Brodie & Brodie, 1999) . Given the severe costs of failing to avoid a predator, it seems reasonable that environmental variables that reliably influence predation are used as cues to drive anti-predator behaviour. In the present study this seems to be the case. Here, the risk of predation by visual predators was reduced in turbid environments relative to clear-water environments. Other environmental variables, such as temperature, salinity, or pH that are either negatively or positively associated with predator activity or efficacy, may have similar effects in other systems. Future work exploring the interconnectedness of environmental variables and behaviourally plastic anti-predator responses will help us better understand the suite of effects changing environments have on our study systems.
Sturgeon conservation in natural environments
It is becoming increasingly important for researchers to design studies that not only answer fundamental scientific questions, but also provide insights for conservation, protection, and management of their study systems and habitats (Caro & Sherman, 2011) . All sturgeon species are now listed as endangered in part of their ranges, and most in all of their ranges (Billard & Lecointre, 2001) . Behavioural plasticity may be especially important for sturgeon due to their relatively late age at maturity, long generation times, and protracted spawning periodicity (Peterson et al., 2007) . Moreover, the rate of molecular evolution in Acipenseriformes has been found to be nearly half as fast as teleost fish (Krieger & Fuerst, 2002) . In endangered sturgeon populations with little genetic diversity or low population growth, adaptive evolution becomes increasingly unlikely (Carroll & Watters, 2008; Hendry et al., 2011) , possibly accelerating the role that behavioural plasticity plays in mediating behavioural responses to changing environments. Changing turbidity levels in the aquatic environment are likely to influence sturgeon behaviour and may have fitness consequences. Turbidity, therefore, should be considered an important element in habitat restoration programs. Increased turbidity is likely to be highly beneficial to young sturgeon, whether predators are present or not. Clear water, on the other hand, may significantly restrict foraging activity in lake sturgeon, even in the absence of predators.
Conclusions
Our results describe how environmental conditions alone can influence antipredator behaviour, thereby driving foraging activity and potentially affecting fitness. Continuing to uncover the role of environmental variables on behaviourally plastic traits is essential for understanding the processes that gave rise to present-day foraging strategies. Even now the degree to which behaviourally plastic responses are influenced by changing environmental cues is not well understood. Furthermore, given that rapidly changing climates and habitats represent important challenges faced by the majority of animal species on our planet, and are leading to rapid declines in global biodiversity, they deserve more attention. and the University of Saskatchewan Department of Biology to V.W. and A.B.M. We are greatful to two anonymous reviewers for their helpful advice on an earlier draft of this manuscript. All research herein was conducted under animal use protocol 20120013 issued by the University of Saskatchewan and complies with all provincial and federal legislation.
